INTRODUCTION
In biology, a comparative approach is commonly used to solve evolutionary questions. In this paper we want to show how simple theoretical mechanical models can contribute to discussions in this discipline. The present model builds on morphological, ethological, ecological and phylogenetic data. These are essential to appreciate the aim, the concept and the boundaries of the working space of the model. Therefore, this information will be provided, step-by-step, framing the model and evaluating the output.
Within extant vertebrates, bipedal striding gaits are habitual in only birds and humans. Many lizards are known to run bipedally too (more than 50 species as compiled from Snyder (1949 Snyder ( , 1952 Snyder ( , 1962 , Christian et al. (1994) , Irschick & Jayne (1999) and our own observations), but the degree varies from a few occasional bipedal strides (e.g. some lacertids) to superb bipedal performance (e.g. Basiliscus or Chlamydosaurus). These species belong to 11 out of the 24 (sub-) families of legged lacertilians and are scattered over the phylogenetic tree.
As bipedalism is probably not an ancestral trait for lacertilians, parallel evolution must have occurred.
In the 1950s and early 1960s, Snyder (1949 Snyder ( , 1952 Snyder ( , 1954 Snyder ( , 1962 argued that bipedal locomotion allowed lizards to run faster because of the much larger strides they can take. A number of morphological adaptations were listed, but the author conscientiously stated that 'skeletal and muscular adaptations of bipedal lizards, while on the whole distinct in trend, differ only to a small degree of magnitude from those of quadrupeds' (Snyder 1954 , p. 31). More importantly, this author further stated that some of the proposed adaptations might be related to speed rather than to bipedality as such. This accords pretty well with the later experimental findings by Irschick & Jayne (1998 . They found no arguments for a speed advantage of bipedal above quadrupedal performance for several species. Snyder (1949 Snyder ( , 1952 Snyder ( , 1954 Snyder ( , 1962 ) also suggested that bipedal running is energetically more economical as no internal work needs to be done to move the front limbs. However, it is known that similarsized bipeds and quadrupeds with an overall comparable body-build have very similar locomotor costs (see for instance Taylor performance, when present, is truly adaptive in all these lizard species. If not, it might well be just a mechanical consequence of executing another ecological function. Irschick & Jayne (1999) already proposed that bipedality in lizards could be inherent to the high hip torques occurring during fast running. In this paper, we want to explore this 'consequence' hypothesis further. Therefore, wholebody mechanics is applied on a simple model based on the morphometrics of a typical lacertid lizard, Acanthodactylus erythrurus. First, however, both the initial geometry and inertial properties of the model and the ecological and ethological basis for the theoretical analysis must be explained.
METHODS
(a) The model: initial geometry and inertial properties The model is an assemblage of a cylinder and two cones (figure la). The lengths and masses of these elements equal those of the head and neck, the trunk and the tail. Changing the orientation of the velocity vector implies centripetal GRFs acting on the body. These forces originate from pushing forces of the legs extending externally to the curved path. In the trotting gait, typically used by lizards, this force will alternate step-bystep between the fore and the hind limb. To align the body with the heading, a moment about the body-COM must be generated by GRFs acting on the legs too. When the body-COM of the animal is far in front in the trunk, this moment will mainly derive from pushing forces of the hind limb, internal to the curved path. The contralateral forelimb, contacting the ground simultaneously when trotting, is of nearly no use because of the much shorter moment arm. With the body-COM at the rear end of the trunk, the reverse is true; the required moment is mainly generated by pushing of the external forelimb. Only in the latter case the forces needed to rotate do not conflict with the required centripetal forces! The position of the body-COM, however, also influences the rotational inertia. It is important to notice that the position of the point of application of the GRF (xf in figure 1b) changes with respect to the pelvis throughout the stance phase of the leg. At touch-down the force applies in front, at lift-off behind the girdle. In the model these touch-down and lift-off positions are symmetrical with respect to the acetabulum (pelvis-femur joint). Between these extremes, the position changes linearly with time. The distance between touch-down and lift-off position in the pelvis bound frame of reference (see figure 1) equals the step length, which is entirely determined by the running speed, the cycle frequency and the DF.
Simulations, starting with an initial acceleration followed by a steady locomotion bout, will proceed for 2 s, unless the position of the body-COM moves over the acetabulum. At that instant, the model would topple backwards just as a result of the GRFs acting on the body.
RESULTS: CAN OBSERVABLE BIPEDAL STRETCHES BE INDUCED BY INITIAL ACCELERATION?
As mentioned before, it must first be explored whether lizards accelerate fast enough to elicit bipedal running postures and whether this can also result in long, clearly observable, bipedal stretches. In ? 2c we argued that the force profiles presented in figure 3a are representative for an explosive start. Figure 4 shows the effect of these GRFs on the body posture. At the beginning of the running bout, the body-COM is located 14 mm in front of the acetabulum of the pelvis (as argued in ? 2b and figure 4) and 9 mm above the substrate (as deduced from video recordings of running Acanthodactylus).
It appears that a fast start can elicit bipedal running. In step two, the boundary acceleration is clearly exceeded and the fore limbs lose contact with the ground. Maximal trunk rotation (56? or 0.973 rad) is reached just prior (15 ms) to the end of the acceleration phase. At the end of the acceleration phase (after 375 ms), the body is still lifted 47? (0.821 rad). Only about one step later, the model proceeds on all fours again. In total, the lizard covers a noticeable distance of 0.78 m bipedally, solely as the result of its initial fast start. where EFx,, is resultant force in x or y direction; m,,t is mass; V1,2 is velocity of the body at time t, and t2, respectively; and dp is change in momentum.
(i) Vertical forces
When vertical body oscillations are assumed constant during running, vertical GRFs (Fy) should equal body weight when averaged over (half) a stride (dp = 0). In lizards, vertical GRFs consist of a single, broad active peak (Christian 1994 When starting from standstill, however, dp for the first step does not equal zero (a step being defined as the displacement of the body-COM when a foot contacts the ground). Assuming that the vertical velocity of the body-COM at the end of this first step is equal to that of a step in series, it follows that dplst = mtog 1y(t) t = m tg mto,
